We report on the electron tunneling characteristics on La 0.7 Sr 0.3 MnO 3 ͑LSM͒ thin-film surfaces up to 580°C in 10 −3 mbar oxygen pressure, using scanning tunneling microscopy/spectroscopy ͑STM/STS͒. A thresholdlike drop in the tunneling current was observed at positive bias in STS, which is interpreted as a unique indicator for the activation polarization in cation-oxygen bonding on LSM cathodes. Sr-enrichment was found on the surface at high temperature using Auger electron spectroscopy, and was accompanied by a decrease in tunneling conductance in STS. This suggests that Sr-terminated surfaces are less active for electron transfer in oxygen reduction compared to Mn-terminated surfaces on LSM. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3204022͔
Perovskite-type mixed ionic-electronic conductor ͑MIEC͒ oxides are widely used as solid oxide fuel cell ͑SOFC͒ cathodes, 1 and their surface structure plays an important role in the electrocatalytic activity for oxygen reduction ͑OR͒.
2, 3 A particularly interesting material in this context is La ͑1−x͒ Sr x MnO 3+␦ ͑LSM͒ 4,5 -an MIEC with poor ionic conductivity. The underlying OR mechanisms involving electronic and ionic charge transport on SOFC cathodes are not fully understood, 2 and the impact of different metal cations on the catalytic properties of the surface remains unclear. 6 An improved understanding of the surface electronic and chemical state and its relation to the OR at the atomistic level is essential to the design of cathodes with enhanced electrocatalytic activity. In doing so, probing the surface electronic properties in conditions representative of the reaction temperatures and pressures is needed. 7 We investigated the correlations of the surface composition of La 0.7 Sr 0.3 MnO 3 ͑LSM͒ model dense thin-films to their surface electronic structure and electron transport characteristics. We deployed an in situ approach combining surface sensitive probes of electronic structure and chemical state on the thin films-scanning tunneling microscopy and spectroscopy ͑STM/STS͒ and Auger electron spectroscopy ͑AES͒. Utilizing these surface sensitive probes, particularly the STM/STS, at as high temperatures and non-ultrahighvacuum ͑non-UHV͒ conditions is thus far unique, and facilitates to relate the chemical and electronic state of the model cathode surfaces closely to the reaction environment of operational SOFC cathodes.
La 0.7 Sr 0.3 MnO 3 polycrystalline dense thin films of 10-100 nm thickness were grown on single crystal ͑111͒ yttriastabilized zirconia by pulsed laser deposition at 800°C in 50 mTorr of O 2 , and subsequently cooled to room temperature in 300 Torr O 2 . 8 The structural, electronic, and compositional characterizations were performed in a UHV surface science system ͑by Omicron GmbH͒. The analysis chamber is equipped with a variable-temperature AFM/STM ͑Omicron VT25͒, retractable low-energy electron diffraction ͑LEED͒ optics, electron gun, and a cylindrical mirror energy analyzer for AES. Auger electron spectra were acquired using a normal incidence 4.8 keV electron beam. The samples were radiatively heated by a pyrolytic boron nitride heater during the annealing in oxygen for cleaning the surface and the high temperature STM/STS and AES experiments. A retractable oxygen doser equipped with a high precision leak valve was used for direct dosing the sample surface with oxygen during STM imaging and STS measurements. This setup allowed to create a 10 −3 mbar oxygen pressure, P O 2 , localized in the vicinity of the sample's surface while the chamber base was at P O 2 =10 −6 mbar. AES to probe the sample cleanliness were performed at ϳ2 ϫ 10 −10 mbar at ambient temperature. AES to identify the relative changes in the La, Sr, and Mn content on the surface were performed at P O 2 =10 −6 mbar in the chamber at sample temperatures from 20 to 700°C.
The in situ cleaning of the as-grown films was performed by heating the samples to 500°C in oxygen at P O 2 =5ϫ 10 −7 mbar for 30 min, which resulted in a significant reduction of the carbon adsorbates below the detection limit of the AES energy analyzer. STM at room temperature and high temperatures was performed in the constant-current mode using 80%Pt-20%Ir tips, with the tunneling current, I, in the 0.1 to 1 nA range and the sample at a bias voltage, V, in the Ϫ1 to 3 V range. During the STS measurements, the bias voltage was varied from Ϫ3 to 3 V in 20 mV steps, with an acquisition time of 0.6 or 20 ms per voltage step for the I-V and dI / dV data, respectively. All the I-V curves discussed here represent an average behavior over the 15-20 subsequent spectra.
The STM performed on the 50-nm-thick LSM film at room temperature ͓Fig. 1͑a͔͒ showed a textured surface structure. Two types of grains coexisted, without an apparent crystallographic orientation in the topographic images. First is the large island-type flat grains, with a size distribution from 70 to 140 nm, and clearly distinguishable step edges.
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The second type consists of smaller grains, with a size distribution from 30 to 50 nm. The overall peak-to-valley height difference is 6 nm. The LSM film structure did not evidently change via grain coarsening or surface roughening during the STM/STS experiments at 580°C in P O 2 =10 −3 mbar ͓Fig. 1͑b͔͒ lasting up to 24 h. The optimized conditions allowing for high resolution imaging, down to step edges ͓in-set Fig. 1͑b͔͒ at high temperature in non-UHV conditions were obtained. This was necessary for the STS measurements to stably probe the electronic properties of the LSM surface. All results presented in this paper belong to this specific sample.
Temperature-dependent in situ AES measurement in P O 2 =10 −6 mbar revealed enrichment of Sr and decrease of La on the surface ͓Fig. 2͑a͔͒, resulting in an overall 15%-27% increase in the ͑La+ Sr͒ / Mn ratio at 600-700°C ͓Fig. 2͑b͔͒. Particularly due to the significant increase in the ͑La+ Sr͒ / Mn ratio above 1.0 accompanied with the Srenrichment, we attribute this evolution to a thermodynamically favored Sr-rich phase on the LSM surface during the AES experiment conditions. This observation is consistent with prior experimental results which report Sr segregation on the LSM surface 9,10 measured at room temperature in UHV conditions upon high temperature annealing in air, and often accompanied by changes in the Mn valence state, 11 although a Mn valence state change was not resolved in our AES data. Furthermore, these results are supported by recent ab initio hybrid density-functional calculations, 12 which predict the coexistence of ͑Sr,La͒O and MnO 2 phases on the surface at room temperature and the ͑Sr,La͒O phase as energetically more favorable at 800°C and P O 2 = 0.2 atm on LSM.
Electronic tunneling current on LSM surface exhibited a semiconductor-like band gap behavior at room temperature and a metallic nature at 400-580°C ͓Figs. 3͑a͒ and 3͑b͒, acquisition time of 0.6 ms per voltage step͔. An increase in the tunneling conductance was found as the temperature increased to 400 and 500°C, followed by a decrease at 580°C. The I-V data reverse to the band gap behavior upon cooling of the sample in oxygen to room temperature. The increase in the tunneling conductance reflected in the transition from a large band gap ͑2.6 eV͒ to metallic nature cannot be caused by the effect of the elevated temperature on a semiconductor. 13 Thermal excitation at 400°C is well below 2.6 eV energy and cannot enable the transition to a metallic conductance in this case. While yet uncertain, we hypothesize that this transition could be due to a structural transformation on the surface; for example, from an orthorhombic phase characterized by a strong Jahn-Teller distortion as an insulating paramagnetic state to a rhombohedral phase with a ferromagnetic metallic state. 14, 15 The subsequent decrease in conductance from 500 to 580°C can result from the thermodynamically driven changes in the surface structure and composition of the LSM. While no diffraction pattern was observed by LEED in this work, we identified a chemical change associated with Sr-segregation and A-site/B-site ratio changes on LSM surface, as discussed above for the temperature-dependent AES results ͑Fig. 2͒.
Electronic conductance of the LSM is associated with the Mn cation and its oxidation state. A p-type conductivity in LSM arises as a result of hole-doping through the increase in Mn 4+ / Mn 3+ ratio, 16 which depends on the A-site cation substitution and oxygen nonstoichiometry. We attribute the decreasing tunneling conductance measured with STS at 580°C ͑Fig. 3͒ to the evolution of a Sr-rich phase accompanied by the relative decrease of Mn on the surface as probed by AES at comparable conditions ͑Fig. 2͒. This result suggests that the A-site rich and Mn-poor surfaces are less active for electron exchange in OR on LSM. 17 The STS measured within the range from Ϫ3 to +3 V with 20 ms acquisition time per voltage step at P O 2 =10 −3 mbar and elevated temperatures revealed a sudden drop in the tunneling current at a positive threshold bias ͓Fig. 4͑a͔͒. This differs from the STS spectra acquired with 0.6 ms per voltage step ͓Fig. 3͑b͔͒. The threshold bias, V th , decreased with increasing temperature, and was 2.6, 2.3, and 1.5 V at 400, 500, and 580°C, respectively ͓Fig. 4͑b͔͒. 3 . ͑Color online͒ Tunneling current spectra acquired on the surface of the 50-nm-thick LSM at ͑a͒ room temperature and ͑b͒ 400, 500, and 580°C with the acquisition time of 0.6 ms per voltage step.
Similar threshold behavior was also observed on the 10-and 100-nm-thick LSM films ͑not reported here͒.
The acquisition-time-, temperature-, and bias-dependent character of the tunneling drop on LSM suggests that the underlying phenomenon is an activated chemical reaction; with the acquisition time-dependence related to the yield, and the temperature and bias dependence related to the activation of the reaction. Since the surface is expected to have oxygen vacancies at high temperature, but investigated in a P O 2 environment, we suggest that this chemical reaction might be a localized oxidation of the LSM surface induced by the tunneling bias. It is possible that the drop in the tunneling current can also be caused by the oxidation of Pt/Ir tip's apex. STM imaging and the STS I-V spectra with the 0.6 ms acquisition time was fully reproduced following the tunneling current drop in scans with a 20 ms acquisition time, thus suggesting that the tip was not altered.
While here we report this behavior originally for a perovskite surface at high temperature, a similar tip-induced nanometric oxidation accompanied by the drop in tunneling conductance was extensively studied for Si and GaAs surfaces at room temperature. 18, 19 The observation for the biasinduced oxidation was supported by an analytical model based on the Cabrera-Mott theory. 20 In the LSM surface region, positive bias leads to an upward bending of the electronic bands 21 and shifts the cation electronic states to higher energy, as schematically shown in Fig. 4͑b͒ inset. The biasinduced band bending can increase the catalytic activity, resulting in the oxygen chemisorption localized at the tip-LSM surface region at high temperature. The consequent formation of oxidized sites is a possible mechanism explaining the tunneling drop in STS shown in Fig. 4 . Recent ab initio studies 6, 22 indicate that the favorable site for oxygen binding on LSM surface is atop Mn cation. The valence band maximum of LSM ͑from Ϫ3 to 0 eV͒ consists of Mn͑3d͒-derived states that are split into t 2g and e g bands. 14, 23 Due to the p-type conductivity of LSM, the electron transfer to oxygen should take place from the t 2g levels. 24 The upward shift in the relative energies ͓Fig. 4͑b͔͒ of these Mn͑3d͒-derived states can increase the activity for the reaction with oxygen from the gas phase. 25, 26 Based on this mechanism, we suggest that the threshold bias, V th , can serve as a unique probe of the activation polarization in cationoxygen bonding on LSM cathode surface.
In summary, we investigated the electron tunneling characteristics on LSM thin-film surfaces using STM/STS up to 580°C in oxygen gas environment. This is an original STM/ STS investigation of LSM at as high temperatures and non-UHV conditions close to the reaction environment of operational SOFC cathodes. A threshold-like drop in the tunneling current was observed at positive bias in STS at high temperature, and is interpreted as a unique indicator for the activation polarization in cation-oxygen bonding on the surface. AES revealed Sr-enrichment on the surfaces from 500 to 700°C, and was accompanied by a decrease in tunneling conductance in STS. This suggests that the Mn-terminated surfaces are more active for electron transfer in OR compared to the Sr-rich surfaces on LSM. These findings can contribute to the atomic-scale understanding of the electrocatalytic properties on LSM cathodes, and serve as a key for the design of desirable cathodes for SOFCs. FIG. 4 . ͑Color online͒ ͑a͒ Tunneling conductance spectra acquired on the surface of the 50-nm-thick LSM at 580°C ͑acquisition time of 0.6 and 20 ms per voltage step͒ and ͑b͒ the threshold bias as a function of temperature.
The inset in ͑b͒ schematically shows the cation energy levels ͑E Mn ͒ shifting upward ͑E Mn Ј ͒ at positive bias and approaching the oxygen electronic levels
